Abstract -Photovoltaic water pumping could significantly improve water access, particularly in off-grid rural villages of Sub-Saharan Africa. Earlier, we have developed and validated a numerical model of a photovoltaic water pumping system (PVWPS). Such model allows to include the water consumption profile as an input. The current study assesses the influence of the temporal resolution of the water consumption profile on the model accuracy and on PVWPS optimal sizing. This helps to select the adapted temporal resolution for data acquisition, modelling and optimization in order to keep data storage and computational time low without significantly changing the accuracy of the model and the sizing obtained from the optimization. Our study shows that the temporal resolution has a strong impact on modelling and optimal system sizing.
I. INTRODUCTION
In Sub-Saharan Africa, more than 300 million people use unimproved water sources and most of them live in rural areas [1] . This unimproved water access is associated with significant ill-health and time losses [2] [3] . Amongst the different alternatives for improving water access, photovoltaic (PV) pumping constitutes a suitable solution especially for offgrid rural areas. Indeed, photovoltaic water pumping systems (PVWPS) are economically competitive in rural areas [4] , reliable [4] [5] and maintenance needs are low [6] [7] .
The modelling, design, control and application of PVWPS have been extensively discussed in the literature. Components which are well adapted to photovoltaic water pumping have been designed, such as the motor drive using PV transistors detailed in [8] . Several control strategies of PVWPS have been investigated such as the parallel distributed compensation control [9] and the fuzzy logic control [10] . Krim et al. also investigated the use of the Field-Programmable Gate Array (FPGA) to control the converters of PVWPS [11] , Koreboina et al. studied the switched reluctance motor Pulse Width Modulation (PWM) control for PV water pumping [12] and Akeyo et al. proposed a strategy to control an array of pumps [13] . As to cases of applications, Yahyaoui et al. studied the use of PVWPS for tomato irrigation [14] and Sodiki investigated the application of PVWPS for agriculture and domestic water access in Nigeria [15] .
Most of the PVWPS models considered in previous studies compute the pumped water volume using climatic data (irradiance, temperature) as only input and then compare this pumped volume to the water volume required. However, to our best knowledge, none of available data validated models has taken the water consumption profile as an input. Such overlook represents a problem for PVWPS which include a tank and a controller that stops and restarts the pump depending on the water level in the tank. Indeed, for these systems the water WK ,QWHUQDWLRQDO &RQIHUHQFH RQ 5HQHZDEOH (QHUJ\ 5HVHDUFK DQG $SSOLFDWLRQV 3DULV )5$1&( 2FW ,&5(5$ ,((( consumption profile has an impact on the water level in the tank and therefore on the evolution of the pumped flow rate. We have developed and validated a PVWPS model which takes into account for the first time, to our knowledge, water consumption as an input. This model allows to simulate the operation of PVWPS with the architecture mentioned above, which are very common in rural areas, and it permits to optimize the sizing of these systems.
As water consumption is included as model input, it is important to determine the temporal resolution required for this input. Indeed, this resolution may influence the model accuracy and therefore the results of sizing studies that are based on this model. Currently, the greatest majority of studies on communal PV water pumping in rural areas consider the total volume of water consumed per day. In addition, no study regarding the influence of the water consumption profile temporal resolution on PVWPS model accuracy has been encountered. However, similar studies have been found regarding the influence of the electrical consumption profile temporal resolution on the accuracy of PV-battery systems models and on the optimal sizing of these systems [16] [17] . These latter systems are close to PVWPS with tank as the battery plays the role of the tank and the load profile can be assimilated to the water consumption profile. For PV-battery systems, Notton et al. advice to avoid time steps larger than 1 hour for the electrical consumption profile [16] . Hoevenaars and Crawford showed that using simulation time steps of 1 hour instead of 1 minute had a small effect on the PV-battery systems optimal sizing [17] . However, the simultaneous variation of the temporal resolution of the irradiance and of the electrical consumption is performed in this study, which prevents from isolating the effect of the electrical consumption profile temporal resolution.
In this article, we study the impact of the temporal resolution of the water consumption profile on the PVWPS model accuracy and on the optimal sizing. This provides information for selecting time steps for data acquisition, modelling and optimization that save data storage capacity and computational time without greatly impacting the results.
The PVWPS model and the test system to which it is applied are described in section 2; the different temporal resolutions of the water consumption profile are presented in section 3; the effects of the change of the temporal resolution on PVWPS modelling and sizing are detailed in sections 4 and 5 respectively.
II. PHOTOVOLTAIC WATER PUMPING SYSTEM MODEL
The PVWPS model developed is presented in detail in [18] . This model applies to systems with the architecture presented in Fig. 1 . In this architecture, the controller regulates the energy provided by the PV modules to the motor-pump according to two set points of the water level in the tank, which is obtained by a float switch. Pipe assemblies PA1 and PA2 are two piping systems that link the motor-pump to the tank and the tank to the fountain respectively. The inhabitants collect water at the fountain. The model is used to simulate the operation of a real PVWPS installed in the rural village of Gogma in the centereastern Burkina Faso (GPS coordinates: 11.724586; -0.572290). The system was set up in December 2017 by the company DargaTech, based in Ouagadougou, in collaboration with our research groups. In Gogma the inhabitants mostly work on agriculture for less than 1 $ per day and houses neither have access to electricity nor to piped water. The PVWPS provides water to approximately 250 people each day for 4 types of domestic uses: drinking, cooking, body hygiene and laundry. Fig. 3 shows this PVWPS. There are 750 Wp of PV modules, which corresponds to a total surface of 3.9 m 2 , the motor-pump is immersed at 30 m underground, the volume of the tank is 9.1 m 3 and there are three taps at the fountain. The average daily volume collected by the users is 8.7 m 3 .
In Gogma, the inputs and the output of the model have been measured from January 2018 onward by using a data logger that we developed. Here we use measurements separated by a 1 minute time interval. The comparison between the measured pumped flow rate and the one simulated by the model for several periods of the year allowed to validate the model experimentally. Fig. 4 shows this comparison for the 22 nd of February 2018. On this figure, the interruptions in the pumped flow rate profile correspond to the moments at which the tank is full and show that Gogma's PVWPS is oversized. In order to observe the impact of a decreasing temporal resolution of the water consumption profile, we build several profiles from the measured dataset. To do so, we replace all the values of water consumption flow rate in a time interval T by the average of those values. This averaging corresponds to acquiring data from a water meter at a given time interval T. Fig. 5 presents the water consumption profile measured by the data logger and the profiles obtained with some selected time intervals, for the 22 nd of February 2018. In total 15 time intervals, ranging from 1 min to 1 day have been considered for this study and for all of these intervals the total volume consumed during the day is the same.
IV. EFFECT OF THE TEMPORAL RESOLUTION ON MODEL

ACCURACY
The impact of the temporal resolution on the model accuracy is evaluated by computing the pumped flow rate from the PVWPS model for different temporal resolutions of the water consumption profile. Fig. 6 compares, for the 22 nd of February, the pumped flow rate measured by the data logger to the pumped flow rate computed by the model for a temporal resolution of the water consumption profile of 1 hour. The initial water level in the tank is equal to the one at the beginning of the 22 nd of February, 2.0 m. Fig. 7 performs the same comparison as Fig. 6 but a temporal resolution of 1 day is considered. We observe that the larger the time interval used for the water consumption profile, the higher the mismatch between the measured and the modelled pumped flow rate.
To quantify the loss of accuracy, the root mean square error (RMSE) between the measured and simulated pumped flow rate is computed for each temporal resolution. This RMSE is normalized by the maximum measured pumped flow rate, which is equal to 1. We notice that, for the 22 nd of February, the normalized RMSE is multiplied by 3 as the temporal resolution goes from 1 minute to 4 hours. Moreover, the first sharp increase of the RMSE take place for time intervals strictly larger than 20 minutes. The same study was performed for other days of the data set and trends similar to the one for the 22 nd of February were observed.
We also noticed that, despite the fact that the temporal resolution strongly influences the simulated instantaneous pumped flow rate, it has a smaller impact on the simulated total volume pumped during the day. For instance, for the data of the 22 nd of February, the simulated total volume pumped during the day is comprised between 10 m 3 and 13 m 3 for all of the temporal resolutions.
V. EFFECT OF THE TEMPORAL RESOLUTION ON SYSTEM SIZING
We now study the effect of the temporal resolution of the water consumption profile on the PVWPS optimal conception. In this optimization problem, we search with the help of a differential evolution algorithm [19] for the values of the PV modules area APV and of the tank volume VT that minimize the part of the capital cost that depends on the size of the PV modules and of the tank, CAPEX. The fixed part of the capital cost is not included in the objective function as it does not influence the result of the optimization. The CAPEX, expressed in k$, is given by:
The coefficients have been obtained by using prices provided by companies located in Burkina Faso [20] . We have set the constraints that the water level in the tank must remain higher than zero and that the instantaneous pumped flow rate must remain lower than 1.3×10 -3 m 3 /s. Indeed, we have noticed during pumping tests that were performed at Gogma's PVPWS that too high pumped flow rates produce a significant decrease of the water level in the borehole and may therefore cause the pump to run dry. It is important to notice that the PVWPS model is required to verify these two constraints. This is therefore at this stage that the temporal resolution of the water consumption profile has an influence. Indeed the temporal resolution of the water consumption profile impacts the evolution of the pumped flow rate and of the water level in the tank. During the optimization process, the model is run over three periods of 24 h and the model input data are the same for these three periods, equal to the data of the 22 nd of February 2018. Indeed, the results of the model for the following periods are identical to the results for the third one, which means that the system has reached a steady state at the third period. Fig. 9 presents, for the data of the 22 nd of February, the values taken by the optimization's variables and the optimum CAPEX obtained for different temporal resolutions of the water consumption profile.
It appears on Fig. 9 that the first significant changes in the optimal PV panels area take place for time intervals strictly larger than 45 minutes. However, the first significant changes in the tank volume and in the cost function take place for time intervals strictly larger than 4 hours. This difference may be due to the fact that the weight of the tank volume in the cost function is higher than the weight of the PV panels area. When we performed the same study for other days of the dataset, it appeared that the results follow the same trend as the ones of the 22 nd of February. The main contribution of this article is to provide a first estimation of the water consumption profile temporal resolutions required for accurately modelling and sizing PVWPS for domestic consumption in remote villages. It appears that, for the day presented in this article, time intervals strictly larger than 20 minutes significantly change the model accuracy and that time intervals strictly larger than 4 hours have a strong impact on the optimal system sizing. The results presented here and simulations performed for other days of our dataset highlight that the temporal resolution strongly influences the model accuracy and the optimal system sizing. This suggests that current sizing methods, which are often based on the forecasted daily water consumption and therefore use a time interval of 1 day, may lead to badly sized PVWPS. This highlights the importance of developing methods that allow to forecast the water consumption profile with a time step smaller than one day. The methodology presented in this article could also be used to study the effects of the water consumption profile temporal resolution for other types of pumping systems with tanks, such as wind powered pumping systems or piped water pumping systems. In the future, we will perform the simulations by using larger datasets, such as periods of one week instead of periods of one day. We will also study the influence of the temporal resolution of the irradiance profile and of the ambient temperature profile on PVWPS modelling and optimal conception.
